Abstract Diffraction-enhanced imaging (DEI), sometimes referred to as analyzer-based imaging, is an emerging phase contrast X-ray imaging modality that generates exquisite soft tissue contrast at a vastly reduced absorbed radiation dose relative to absorption-based radiography for imaging applications, which include mammography and assessment of cartilage and lung damage. In this review, we will summarize recent advances in the field of DEI. These include assessment of liver fibrosis, evaluation of the orientation and degree of anisotropy in bone microarchitecture, and assessment of emphysema. We will summarize the state of the clinical translation of DEI and discuss barriers to the clinical translation of DEI and potential ways to overcome these barriers.
Introduction
Diffraction-enhanced imaging (DEI), also referred to as analyzer-based imaging (ABI), is an X-ray-based phase contrast imaging (PCI) system that holds promise as a clinical imaging modality because it can visualize soft tissue features at a vastly reduced radiation dose relative to conventional radiography, and because it can reveal microstructural information that cannot be assessed with conventional radiography. DEI was independently developed by Chapman [1] and Ingal [2] in the mid-1990s. In DEI, a large, perfect analyzer crystal both converts changes in the angle of a transmitted X-ray beam into intensity changes in an image and removes all scattered photons from the X-ray beam. Figure 1 is a simplified schematic of a DEI system. While DEI can vastly enhance the contrast of soft tissue features and can reveal details of microstructure, it comes at the cost of a requirement for a monochromatic X-ray beam. In this review, we will detail the potential clinical utility of DEI and will provide evidence that the flux restrictions imposed by the monochromatic-requirement can be overcome.
Several different analyzer-based approaches have been developed to extract refraction information. These approaches include a single-image approach [2, 3] , a single-refraction-focused two-image approach [1] , a multiplerefraction-focused two-image approach [4] , and a manyimage approach [5, 6] . These approaches are referred to as: phase dispersion introscopy, diffraction-enhanced X-ray imaging, DEI, ABI, and multiple image radiography. Throughout this article, we will refer to this collective set of approaches as DEI.
In this review article, we summarize the most influential DEI studies since its inception and shed light on the most recent findings in the field of DEI, and, where appropriate, other applicable PCI findings. Throughout, our focus will be on significant findings that are relevant to clinicians. We have included an Appendix in which we present a primer on the underlying concepts of DEI contrast.
Foundational DEI Studies
In this section, we will summarize the most important foundational studies in the field of DEI.
Proof-of-Principle DEI Studies
The following studies laid the foundation of our understanding of the physical mechanisms and limitations of DEI contrast. Chapman et al. [1, 3] and Ingal et al. [2] showed that an analyzer crystal could be used to extract refraction information that is carried in an X-ray beam. Dilmanian et al. [7] showed that DEI can be used in a computed tomography mode and that the DEI-CT data could be reconstructed using conventional filtered-backprojection (FBP) algorithms. Oltulu et al. [5] and Wernick et al. [6] showed that the absorption, single-refraction, and multiple-refraction signals can be separated and that CT image sets for each signal can be independently reconstructed with FBP [8] . Kitchen et al. [9] and Khelashvili et al. [10] showed that the origin of the angular spreading of the X-ray beam was multiple-refractions of the beam. Of utmost importance to the clinical translation of DEI, Parham et al. [11 •• ] and Nesch et al. [12] have shown that DEI contrast is maintained when an X-ray tube source is used, and Deimoz et al. have demonstrated that DEI has enhanced signal-to-noise ratio (SNR) compared to gratingbased PCI when imaging at higher X-ray energies [13] . Mammography DEI's enhanced soft tissue contrast is of particular importance in mammography. The contrast of spiculations from cancerous breast lesions is greatly enhanced in DEI both with planar and CT imaging [14] [15] [16] . Because of its decreased dependence upon X-ray absorption, DEI yields diagnostically useful breast images with a 25 % reduction in breast compression [17] . For calcifications in breast tissue, DEI has five times greater contrast-to-noise ratio than conventional radiography [18] . Thus, DEI can significantly improve image quality in mammography while both reducing absorbed radiation dose and increasing patient comfort [15] .
Joint Imaging DEI's enhanced soft tissue contrast is also of particular importance for the imaging of soft tissue within joints. DEI images obtained with X-ray tube sources do not differ significantly from visual inspection (only possible with surgery or post-mortem) in their ability to grade cartilage damage [19, 20] . In CT mode, DEI can visualize both bone and soft tissue with high contrast in an intact cadaveric human knee joint [21] using an absorbed radiation dose equal to that of a clinical image (Fig. 2) . Synchrotronbased, very high spatial resolution DEI images can visualize the organization of collagen fibrils in cartilage specimens [22] [23] [24] and assess damage to the collagen in cartilage [23] . DEI can also be used to visualize the gap region surrounding bone implants [25] [26] [27] .
Lung Imaging DEI exhibits a unique contrast in the lungs [28, 29] ; because of DEI's pronounced multiple-refraction contrast, the lungs appear to be ''more absorbing'' than bone. To be Images acquired at the half-reflectivity point (6.5 microradians) for the 51 keV, 111 reflection. Calcinosis can be found in menisci and articular cartilage, the surface of articular cartilage is not smooth. Image courtesy of Jun Li from Rush University Medical College [21] clear, this ''absorption'' is not true absorption (i.e., it is not contributing to the total absorbed dose), but a rejection of X-rays that do not meet the narrow window of angular acceptance of the analyzer crystal. DEI can depict more clearly than conventional radiography the full extent of the lung [29] (Fig. 3) and regions of atelectasis [30] .
Recent Advances in DEI
In the section that follows we will review the most recent literature in the field of DEI. Where applicable, research from other PCI modalities will be summarized as well.
X-ray Vector Radiography X-ray vector radiography (XVR) is an emerging field in PCI in which directional information is measured with DEI or grating-based PCI. In XVR, the directional sensitivity of DEI or grating-based PCI is used to generate planar images of the average angular orientation and the variation in the orientation (i.e., the degree of anisotropy) of refracting structures or microstructures along the X-ray beam path [31] through the patient. XVR answers two questions: what is the preferred orientation of microstructures along an X-ray beam path? Also, how strongly aligned are the microstructures? Malecki et al. [32] have shown that XVR can be extended to a three-dimensional mapping of the angular orientation of the microstructure with an approach called X-ray tensor tomography (XTT). XTT is somewhat analogous to diffusion tensor imaging in MRI. Each voxel in the XTT data set contains discrete information about the attenuation, index of refraction and average angular orientation and the degree of anisotropy in the refracting microstructures within the corresponding volume of the patient.
Bone Microarchitecture XVR can be used to assess bone microarchitecture. Schaff et al. [33 •• ] (Fig. 4) and Connor et al. [34] have demonstrated that measurements of XVR from grating-based PCI Fig. 3 In vivo chest images from a free-breathing rabbit acquired at the National Synchrotron Light Source. a and c, radiograph images taken along the lateral and anteroposterior (AP) views respectively. b and d, dose-matched DEI peak images. All images were taken at a monochromatic X-ray energy of 60 keV and a surface dose of 5 lGy. The reversal of contrast in the lungs is due to DEI's multiple refraction contrast and DEI, respectively, can be used to measure anisotropy and orientation of bone microarchitecture. This is a significant finding because accurate measures for microarchitectural anisotropy and orientation were previously only possible with either ex vivo high-resolution micro-CT or in vivo at peripheral bone locations, and not at locations where fractures are the most harmful (e.g., hip and vertebrae). Since bone fragility diseases (e.g., osteoporosis) often involve microarchitectural deterioration that leads to fracture, this new measure of the orientation and anisotropy in bone microarchitecture could prove to be a key to predicting fracture.
Contrast Agents for DEI
While attenuation-based contrast agents will work in DEI and other PCI systems, efforts are underway to develop and test contrast agents that take advantage of the DEI's refraction sensitivity. In order to take full advantage of the refraction contrast of DEI, an ideal DEI contrast agent would have a very low electron density (a very high electron density would also work but that would result in an increase in absorbed radiation dose). Therefore, air is the ideal contrast agent for DEI. Arfelli et al. [35] and Velroyen et al. [36] have shown that microbubbles can be used to enhance contrast in both DEI and grating-based PCI. Millard et al., have quantified the angular distribution of the X-ray beam as a function of the concentration of microbubbles [37] . Lundström et al. [38] have shown that arterial CO 2 can be used to enhance the refraction contrast of both blood vessels and microvessels.
Liver Imaging
Zhang et al. [39] have shown pronounced phase contrast in the vasculature of a healthy mouse liver that diminishes with increased liver fibrosis. This is somewhat counterintuitive, since we would expect to see fibrosis lead to an enhanced multiple-refraction signal. But there is a significant decrease in the liver vasculature caused by accumulated extracellular matrix proteins in the liver that significantly overpowers the fiber-based enhancement of the refraction signal. Duan et al. [40] have extended this analysis showing that DEI-CT can assess morphological changes in liver microvasculature that result from fibrosis. Hu et al. [41 • ] have used these morphological measures to show a 1.4-fold and twofold reduction in the number density of blood vessels in fibrotic and cirrhotic rats, respectively. The high-resolution DEI-CT approach used in these studies does not directly translate into clinical imaging, but this approach can be used as a gold standard against which multiple-refraction and XVR images can be compared. The high-resolution DEI-CT can help to assess the effectiveness of the lower resolution planar DEI approaches for differentiating between healthy and diseased liver.
Pulmonary imaging
As was shown in Kitchen et al., and Connor et al.'s work with DEI of lungs and pulmonary injury [29, 30] , Schwab et al. [42] have shown that the dark-field image of grating-based PCI has significantly enhanced contrast relative to an attenuation image. Schleede et al. [43] have shown that the darkfield images from grating-based PCI contain sufficient contrast to distinguish between emphysemic and healthy lungs in a mouse model of emphysema. Meinel et al. [44 • ] have developed a ''normalized scatter'' image (where the darkfield image is normalized to the attenuation image) and have shown that the normalized scatter image is more sensitive to emphysema in the lungs than an attenuation image.
Clinical Translation of DEI
Two competing approaches to X-ray tube-based DEI have been proposed and pre-clinical prototypes of these systems have been reported by Parham et al. [11 •• ] and Nesch et al. [12] . Parham's DEI system utilizes symmetric crystals to generate a slot X-ray beam DEI system while Nesch's system utilizes asymmetric crystals to produce an area X-ray beam. An advantage of Parham's system is that it more readily translates to higher energy, even as high energy as the tungsten Ka1 and Ka2 emission energies of 59.318 and 57.982 keV, respectively; the high energy of DEI is a compelling advantage because DEI's SNR is weakly coupled to energy (SNR µ 1/E) [13] and because the enhanced transmission of X-rays at higher energies eases the flux constraints of DEI. A disadvantage of Parham's approach is that it makes inefficient usage of the full X-ray beam. An advantage of Nesch's approach is that it makes more efficient use of the full X-ray beam, and it does not require translation of the X-ray beam to generate an image. A disadvantage of Nesch's approach is that it does not translate well to higher energies, as the size of the crystal optics have to be large relative to the size of the imaging field at higher energies. In our opinion, Parham's slot-beam DEI approach is the more likely approach to succeed in a clinical setting, while Nesch's approach is more likely to succeed as a small animal planar and CT imaging system.
Because DEI requires a monochromatic X-ray beam, flux and imaging time are the largest obstacles to the clinical translation of DEI. Parham et al., measured the flux and imaging time for the tungsten anode X-ray tube-based DEI system [11 •• ] . While the image acquisition time on that proof-of-principle system was very long, Connor et al. [45] have demonstrated that a higher power, rotating anode X-ray tube source can be utilized in a DEI system and reduce the imaging time significantly, but the image acquisition times are currently on the order of tens of minutes to hours.
Fundamentally, the major advancement that will need to be made to translate DEI into the clinic is that the full, divergent X-ray beam must be more efficiently used in order to reduce imaging time down to a time that coincides with the maximum time an X-ray source can be operated at high-power. Single-beam DEI systems make inefficient use of the divergent X-ray beam generated by X-ray tube sources. It is our opinion that the best solution to this problem is to build a multiple-beam array DEI system, where each individual beam is its own DEI system and scans a different part of the image field (Fig. 5 ). An n-beam DEI system will reduce the acquisition time by a factor of n.
Rotating anode tube sources can be operated in two modes, a low average power mode and a high power mode. The low power pulsed mode is useful for fluoroscopic procedures, but is not helpful for reducing the imaging time with DEI. In the high power mode, the source is switched on and left on until nearly the full heat capacity of the anode is reached. This high-power mode can only be sustained for a short period of time (a few seconds). A future clinical DEI system will need to have a sufficient number of DEI beams to get the image acquisition time to match the short time of the high-power mode.
Conclusions
DEI and the other PCI modalities are likely to be the next major advance in the field of X-ray imaging [46] . DEI substantially reduces the radiation dose required for imaging, especially in soft tissue imaging modalities. DEI's optics dramatically, and nearly completely, remove scatter from the X-ray beam. DEI can give us access to information carried in an X-ray beam that was previously not measureable. While significant engineering barriers must still be overcome before DEI can be translated into the clinic, our findings and the findings of other DEI researchers suggest that it is feasible to overcome these engineering barriers.
Appendix
In this appendix, we will describe the conceptual basis of DEI. DEI's contrast mechanisms can be classified into two different groups: attenuation contrast and refraction contrast. The mechanisms of attenuation contrast (i.e., coherent scattering, photoelectric absorption and Compton scattering) will not be considered here. DEI's refraction contrast can be broken down into two major categories: single refraction contrast, where the refraction signal is dominated by a single refracting structure, and multiple refraction contrast, where the refraction signal is dominated by the net effect of many refracting structures. Multiple refraction contrast is sometimes referred to as ultra-small angle X-ray scattering or extinction contrast in DEI papers or dark-field imaging in grating-based PCI papers, but the physical mechanism of contrast is multiple refractions of the X-ray beam in all cases. Both types of DEI refract contrast are driven by two parameters, the amount the X-ray beam has been refracted and the angular position of the analyzer crystal. Our discussion of DEI's refraction contrast will begin with a description of X-ray refraction in both the single-refraction and multiple-refraction cases and continue with a description of the analyzer crystal's role in DEI contrast.
Single Refracting Object
To understand how an X-ray beam interacts with a single refracting object, we will follow a light ray as it passes through an object, in this case a cylinder (Fig. 6) . As the ray of light (in our case an X-ray beam) passes between a medium of one index of refraction into a second medium of a different index of refraction, the light will be deflected away from its straight-line path (Rays 2 and 4, Fig. 6) ; in other words, it will be refracted. The light will be refracted a second time as it passes back into the first medium. If we trace the ray of light through the object, we can determine the total change in the angle of the ray of light from its initial path, Dh, the total refraction. Refraction has a directional component; note that Ray 4 is deflected upward while Ray 2 is deflected downward and Ray 3 is undeflected (Fig. 6) . If we imagine the object in Fig. 6 is a 2 ) and as a function of the electron density of the material (d µ q e ) in most cases q e closely matches the physical density, q, of the material). For clinically relevant X-ray energies and for most biological tissues, d is very small, as are differences in d between adjacent media, Dd; these small differences result in very small changes in the angle of the deflected beam-on the order of 10 -7 radians, which is the angle subtended by 100 nm at 1 m. Over the length-scale of a clinical imaging system (object-to-detector distance of much less than 1 m), the angular displacement occurs well within the pixel (100 nm ( 75 lm pixel pitch in a flatpanel radiography system).
The angle between the X-ray beam and the interface also affects the amount of refraction. If a is the angle between the surface normal (perpendicular to the surface) and the X-ray beam, then Dh µ tana. The closer the X-ray beam is to perpendicular to the interface, the smaller the amount of refraction (Ray 3 in Fig. 6) . Conversely, the amount of refraction increases as the X-ray beam becomes closer to parallel to the interface (Rays 2 and 4 in Fig. 6 ).
In summary, refraction from a single object in the imaging field looks like a steering of the X-ray beam and the total magnitude of the refraction of the X-ray beam is proportional to the difference in the electron densities between the two media, inversely proportional to the X-ray energy squared, and proportional to tana (Dh µ Dq e* tana/E 2 ).
Multiple Refracting Objects
The case of multiple refracting objects in the X-ray beam is just an extension of the single refracting object case for multiple refracting objects in the beam. If multiple refracting objects are placed in the X-ray beam path (Fig. 7) , then the X-ray beam will be refracted many times. While each individual refracting object can be thought of as steering the X-ray beam, the net effect of many refracting objects is diffusing the angle of the X-ray beam.
The amount that the X-ray beam diffuses is related to the amount of refraction from each individual object (see ''Single refraction object'' section above) and the number of refracting objects along the beam path. The more refracting objects along the beam path the more the X-ray beam will be diffused.
Role of the Analyzer Crystal in DEI Contrast
The analyzer crystal can be thought of as the gatekeeper that controls access to the imaging detector. X-rays that for when the analyzer crystal is aligned to undeflected X-ray beam. Column (III) depicts the reflectivity for when the analyzer crystal is aligned to reflect half of the undeflected X-ray beam intersect the analyzer crystal will be ''analyzed'' to determine if they are at the proper angle and energy (i.e., do they meet the diffraction conditions for the analyzer crystal). X-rays that have both the proper angle and energy will be allowed to pass (reflected) by the analyzer crystal, with a small tax-about 5 % of the X-ray beam that meets the diffraction conditions will not be reflected. X-rays that are very close to the proper energy and angle will still be partially reflected, but the tax becomes higher; the tax very quickly approaches 100 %, typically within about a few microradians of the proper angle. We can plot the percentage of X-rays that are allowed to pass by the analyzer crystal as a function of how much they deviate from the proper angle or energy; this plot is referred to as the reflectivity profile, or the rocking curve, of the DEI system (Fig. 8) . The width of the reflectivity profile decreases inversely with energy (width µ 1/E). As a result, the slope of the straight region of the reflectivity profile (at about the half-maximum points) increases directly with energy (slope µ E). The slope of the reflectivity profile curve is steepest in the near-linear region around its half-width points.
The analyzer has a direction-specific angular sensitivity. The DEI optical system is highly sensitive to changes in the angle of the X-ray beam in the z-direction, Dh z (Fig. 9) .
The DEI system is insensitive to changes in the X-ray beam along the y-direction, Dh y .
Single Refraction DEI Contrast
By manipulating the analyzer crystal position, we can create image contrast. We can control the analyzer crystal by slightly tilting the angle away from the proper angle (for diffraction); this will slightly change the proper alignment angle of the X-ray beam. For example, we can tilt the analyzer to a position where 50 % of the undeflected X-rays are reflected by the analyzer crystal (Fig. 10a, column III) . If we then place a single refracting object in the X-ray beam, it can steer the X-ray beam away from (Fig. 10b, column III) or towards (Fig. 10c , column III) the proper angle for full reflection. The analyzer crystal will reflect more than 50 % of the X-rays that are steered towards the proper angle of the imaging system and fewer than 50 % of the X-rays that are steered away from the proper angle of the imaging system. This steering of X-rays towards or away from the proper angle (maximum reflection) is the essence of image contrast in a DEI system.
In the single-refracting object case, the amount of contrast in a DEI system is dictated by the total change in the angle of the X-ray beam (the amount of refraction) and the slope of the reflectivity profile. Increasing the energy in the X-ray beam will reduce the total change in angle (Dh z µ 1/ E 2 ) and will increase the slope of the reflectivity profile (slope µ E). As a result, DEI contrast only decreases as 1/ E; doubling the energy of the X-ray beam only results in a two-fold decrease in image contrast.
Multiple Refraction DEI Contrast
In the multiple-refracting objects case, the X-ray beam is angularly diffused (Fig. 11, Column I) . The total number of X-rays is unchanged, but the X-rays are distributed in angle. Now if we align the analyzer crystal to the proper angle, some of the X-rays will meet the conditions for nearly 100 % reflection, but many X-rays will be misaligned from the proper angle and will pay a higher tax for reflection. The more the X-ray beam is angularly diffused, the higher the average tax will be. The ''higher tax'' will look like absorption in the final image, but no absorption is required to generate this contrast.
If we measure the reflectivity profile in the multiplerefracting objects case, we will find that it is broadened (the measured reflectivity profile is the convolution of the intrinsic reflectivity profile with the Gaussian angular spreading of the multiple-refracting objects). The reflectivity profile width increases in proportion to the square root of the number of times the X-ray beam has been refracted (width µ num 1/2 ; Fig. 11 , Column II) and to the difference in density between the refracting objects and the bulk tissue matrix (Dh µ Dq e ). Therefore, multiple refraction contrast is greatest for objects with many refracting features that are each drastically different in density from the bulk tissue matrix such as air-filled alveoli in lung and the spongy framework of trabecular bone.
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